The major source of NADPH is considered to be the pentose phosphate pathway. Results: In isolated mouse rod photoreceptors, blocking metabolite entry into mitochondria substantially reduces NADPH generation. Mitochondrial metabolic substrates support NADPH generation. Conclusion: Mitochondria-linked pathways contribute substantially to NADPH generation in mouse rod photoreceptors. Significance: A wide range of photoreceptor cell functions depend on adequate NADPH supply.
nases using intermediates of mitochondrial pathways for substrates have been known to contribute. Photoreceptors, a nonproliferating cell type, provide a unique model for measuring the functional utilization of NADPH at the single cell level. In these cells, NADPH availability can be monitored from the reduction of the all-trans-retinal generated by light to alltrans-retinol using single cell fluorescence imaging. We have used mouse rod photoreceptors to investigate the generation of NADPH by different metabolic pathways. In the absence of extracellular metabolic substrates, NADPH generation was severely compromised. Extracellular glutamine supported NADPH generation to levels comparable to those of glucose, but pyruvate and lactate were relatively ineffective. At low extracellular substrate concentrations, partial inhibition of ATP synthesis lowered, whereas suppression of ATP consumption augmented NADPH availability. Blocking pyruvate transport into mitochondria decreased NADPH availability, and addition of glutamine restored it. Our findings demonstrate that in a nonproliferating cell type, mitochondria-linked pathways can generate substantial amounts of NADPH and do so even when the pentose phosphate pathway is operational. Competing demands for ATP and NADPH at low metabolic substrate concentrations indicate a vulnerability to nutrient shortages. By supporting substantial NADPH generation, mitochondria provide alternative metabolic pathways that may support cell function and maintain viability under transient nutrient shortages. Such pathways may play an important role in protecting against retinal degeneration.
NADPH is a necessary cofactor for lipid and nucleotide biosynthesis and for many other cellular processes including maintenance of the cellular antioxidant system, nitric oxide synthesis, or the respiratory burst of immune cells (1) . The oxidative phase of the pentose phosphate pathway, a branch of glycolysis, has long been considered the main pathway for the generation of cytosolic NADPH (see Fig. 1 ) (1, 2) . NADPH can also be generated by cytosolic NADP ϩ -dependent dehydrogenases utilizing isocitrate and malate as substrates. These substrates originate from the mitochondria where they also participate in the TCA cycle (see Fig. 1 ) (3, 4) . Proliferating cells have been known to utilize both the pentose phosphate and mitochondria-linked pathways to generate the substantial levels of NADPH necessary for anabolic reactions (5) . In a living nonproliferating cell, it is not clear how much the different pathways contribute to NADPH generation or to what extent a cell can meet its NADPH requirements in the absence of glucose, using only substrates of mitochondrial metabolism such as glutamine.
Isolated vertebrate photoreceptors provide a unique system to address these questions in a nonproliferating cell type: the generation of NADPH can be monitored at the single cell level through its utilization in a reduction reaction. Thus, we have examined the generation of NADPH by different metabolic pathways in single living rod photoreceptor cells isolated from wild type mouse retinas. The outer segment compartment of a vertebrate rod photoreceptor is a specialized organelle responsible for the detection of light (6) . A single mouse rod outer segment contains ϳ50 million molecules of the visual pigment rhodopsin, the primary light detector, packed at a concentration of ϳ3 mM (7) . Rhodopsin contains 11-cis-retinal as chromophore for the detection of light. Light absorption isomerizes the 11-cis-chromophore to all-trans, generating an enzymatically active intermediate that leads to the conversion of light to an electrical signal. Photoactivated rhodopsin subsequently releases its chromophore in the form of all-trans-retinal, which is reduced to all-trans-retinol in a reaction that requires NADPH (8) . In the presence of bright light, large quantities of all-trans-retinal are released, requiring an equivalent amount of NADPH for their reduction. Thus, the conversion of all-trans-retinal to retinol 2 provides a measure of the availability of NADPH. Fig. 1 shows a diagram of the metabolic pathways that can generate NADPH linked to its utilization for the reduction of all-trans-retinal to retinol. The metabolic machinery of the rod photoreceptor is present in the inner segment of the cell, whereas the reduction of retinal to retinol takes place in the outer segment.
All-trans-retinal and retinol both fluoresce and have a large difference in excitation maxima (9) , which allows for the differentiation of their fluorescence signals (10, 11) . A ratio of the fluorescence excited by two appropriately chosen wavelengths (340 and 380 nm) reflects the all-trans-retinol to retinal ratio, which is a measure of the conversion of all-trans-retinal to retinol, and thereby of NADPH availability as well. Using fluorescence imaging of single living mouse rod photoreceptors, we have found that mitochondria-linked pathways can and do support the generation of substantial amounts of NADPH to sustain ongoing cellular functions. These findings demonstrate the importance of mitochondrial support and of metabolites other than glucose in the generation of NADPH in nonproliferating cells.
EXPERIMENTAL PROCEDURES

Animals-Wild type (129/Sv) and Rpe65
Ϫ/Ϫ mice were from established colonies at the Medical University of South Carolina. The wild type colony was established from breeding pairs obtained from Harlan Laboratories (Indianapolis, IN); breeding pairs for the Rpe65 Ϫ/Ϫ colony were a generous gift of Dr. T. M. Redmond. Animals were 2-3 months old and were kept in cyclic light with a 12-h light cycle (06:00 -18:00). All animal procedures were carried out in accordance with protocols approved by the Institutional Animal Care and Use Committees of the Medical University of South Carolina and with the recommendations of the Panel on Euthanasia of the American Veterinary Medical Association. For experiments, the animals were dark-adapted overnight and sacrificed under dim red light, and the retinas were excised under either dim red or infrared light in mammalian physiological solution (130 mM NaCl, 5 mM KCl, 0.5 mM MgCl 2 , 2 mM CaCl 2 , 25 mM hemisodium-HEPES, 5 mM glucose, pH 7.40). Isolated rod photoreceptor cells were obtained as described (12) . All experiments were carried out with metabolically intact rod photoreceptors (10), unless explicitly stated otherwise.
Solutions-All reagents were of analytical grade. Stock solution of oligomycin was prepared in Me 2 SO and all-trans-retinol and -retinal in ethanol. For experiments, retinoids were added to a Ringer's solution containing 1% BSA as carrier. The final concentrations of Me 2 SO or ethanol were at most 0.05 and 0.1%, respectively, and had no effect on the fluorescence measurements. Ouabain, 2-deoxy-glucose, and ␣-cyano-4-hydroxy-cinnamate (4-CIN) 3 were dissolved directly into physiological solution. Solutions did not contain bicarbonate (see "Discussion"), the reason being that for experiments with single isolated cells, we find that pH is better controlled with a HEPES buffer system.
Fluorescence Imaging-Fluorescence measurements were carried out as described previously (11, 12) , on the stage of an inverted Zeiss Axiovert 100 microscope with a 40ϫ oil immersion objective lens (N.A. ϭ 1.3). Fluorescence was excited with narrow band pass (10-nm bandwidth) filters centered at 340 and 380 nm, and emission was collected for Ͼ420 nm. For an experiment, fluorescence images were initially recorded for the dark-adapted cell; the cell was subsequently bleached with Ͼ530-nm light for 1 min (12) , and fluorescence images were recorded at different times after bleaching. For analysis, regions of interest were defined for the rod outer segment and for a background area; then the rod outer segment fluorescence was corrected for background. After background correction, the rod outer segment fluorescence intensities caused by retinal and retinol were obtained for each time point by subtracting the initial fluorescence intensities recorded for the dark-adapted cell. Subsequently, the ratio Fex-340/Fex-380 of the fluorescence intensities excited by 340-and 380-nm light was calculated for each time point after bleaching. Image acquisition and analysis were carried out using Slidebook (Intelligent Imaging Innovations, Denver, CO).
To measure the Fex-340/Fex-380 fluorescence ratios for alltrans-retinol and all-trans-retinal, broken off rod outer segments (rod outer segments separated from the rest of the cell) were loaded with 50 M of either retinoid for 5 min, using 1% BSA as lipophilic carrier (10, 11) . To determine the intracellular pH of rod outer segments, BCECF, a ratiometric pH-sensitive dye was used, following published procedures used with isolated salamander rod photoreceptors (13) . Isolated mouse rod photoreceptors were incubated with 10 M BCECF-AM for 30 min, followed by washes with Ringer's to remove remaining extracellular dye. BCECF fluorescence was excited with 495-and 440-nm light, and emission was measured Ͼ515 nm. The ratio F 495 /F 440 of the fluorescence intensities excited by 495 nm (F 495 ) and 440 nm (F 440 ) depends on pH. The F 495 /F 440 fluorescence ratio was converted to pH using a calibration curve obtained with BCECF (1 mM) in solutions of phosphate-buffered physiological saline with different pH.
The possible interference of 4-CIN fluorescence with the measurement of the Fex-340/Fex-380 ratio was assessed in control experiments with Rpe65 Ϫ/Ϫ rods, which contain negligible amounts of retinoids (14) . This allowed the measurement of the levels of 4-CIN fluorescence in the absence of any retinoid fluorescence, and we concluded that 4-CIN fluorescence did not interfere with the Fex-340/Fex-380 measurements (see Fig. 9 ).
Statistical Analysis-Statistical significance was tested with analysis of variance. In the figures, statistically significant differences are indicated with asterisks.
RESULTS
Measurement of NADPH from Fluorescence
Ratios-Following light exposure of dark-adapted rod photoreceptors, alltrans-retinal is released from photoactivated rhodopsin and is converted to all-trans-retinol using NADPH as a cofactor (Fig. 1) . As retinal and retinol fluoresce with excitation maxima at different wavelengths, this conversion can be monitored from the relative intensities of the rod outer segment fluorescence excited by 340 and 380 nm. The ratio Fex-340/Fex-380 of the intensities of the fluorescence excited by 340-and 380-nm light is a measure of the fraction of the released all-trans-retinal converted to all-trans-retinol (10, 11) . The conversion depends on the availability of NADPH. In the absence of any available NADPH, there would be no conversion, and the fluorescence would be due solely to all-trans-retinal. On the other hand, if most of the NADP were maintained in the reduced form, the released retinal would be fully converted, and the fluorescence would be due solely to retinol. The values of the Fex-340/Fex-380 ratio for retinal and retinol were obtained by loading broken off rod outer segments with 50 M of each retinoid. The values of the ratios were 0.55 Ϯ 0.01 (n ϭ 6) for retinal and 6.95 Ϯ 0.14 (n ϭ 8) for retinol (Fig. 2, A and B) . These values correspond to limits of 0 and 1 for the fraction of NADPH present and are in close agreement with the values determined and reported previously for the inverse ratio Fex-380/Fex-340 (11) . Broken off rod outer segments were used for these control measurements because they are separated from the metabolic machinery of the cell and cannot process retinal or retinol (10, 11) . Thus, in a broken off rod outer segment, the all-transretinal released from photoactivated rhodopsin has no access to NADPH and is not converted to all-trans-retinol to any significant degree (Fig. 2, C and D) .
The Fex-340/Fex-380 ratio was chosen because it increases with the proportion of released retinal converted to retinol and with the fraction of NADP present in the reduced form of NADPH. Assuming that the reduction reaction in Equation 1 is close to equilibrium, a relationship between the Fex-340/Fex-380 ratio and the fraction of NADPH can be obtained. The generated NADPH is a necessary cofactor for the reduction of retinal to retinol in the rod outer segment. The metabolic substrate for the pentose phosphate pathway is glucose, which can enter the pathway after its phosphorylation to glucose-6-phosphate (Gluc-6-P) by a hexokinase. Through the pentose phosphate pathway, one molecule of glucose generates two molecules of NADPH: one is generated through the oxidation of glucose-6-phosphate to 6-phosphogluconolactone by glucose-6-phosphate dehydrogenase (G6PD), and one more is generated through the oxidative decarboxylation of 6-phosphogluconate to ribulose-5-phosphate by 6-phosphogluconate dehydrogenase (PD). NADPH can also be generated by cytosolic NADP ϩ -dependent isocitrate dehydrogenase 1 (IDH1) and malic enzyme (ME), which catalyze the oxidative decarboxylation of isocitrate to ␣-ketoglutarate and the oxidation of malate to pyruvate, respectively. Isocitrate and malate originate from the mitochondria where they also participate in the TCA cycle. Rh, rhodopsin; MRh, metarhodopsin; Gluc, glucose; Gln, glutamine; Pyr, pyruvate. The value of the fluorescence ratio for the endogenous retinoid that appears after bleaching is similar to that for all-trans-retinal. All experiments were performed at 37°C.
If ROL and RAL stand for all-trans-retinol and all-trans-retinal, respectively, and K eq the equilibrium constant, then
) is the fraction of retinol, and the fraction of reduced NADP is
, we obtain
The relationship between the fraction r of retinol and the ratio Fex-380/Fex-340 (the inverse of the ratio used here) has been derived before ( 
After substituting Equation 5 into Equation 3
The values (1.8 ϭ 1/0.55 and 0.14 ϭ 1/6.95) of the parameters in Equation 5 were determined by loading broken off rod outer segments with 50 M retinal or retinol (Fig. 2, A and B) . Intracellular rod outer segment pH was measured with the fluorescent dye BCECF (13) (Fig. 3) . The pH was ϳ7.3 before bleaching and decreased to 7.0 -7.1 following bleaching, the reduction likely reflecting the generation of H ϩ from light-stimulated cGMP hydrolysis. For calculations with Equation 6, a rod outer segment pH value of 7.0 was used. K eq ϭ 3.3 ϫ 10 Ϫ9 M (15) . QYR has been determined before with two different approaches, and values of 5.1 and 15.7 have been obtained (11) . The relation between N red , the fraction of total NADP that is in the reduced form, and the ratio FR ϭ Fex-340/Fex-380 is plotted in Fig. 4 for the two values of QYR and for rod outer segment, pH 7.0. In the rest of the paper and for simplicity of presentation, the value QYR ϭ 5.1 is used to calculate the NADPH fractions corresponding to different values of the Fex-340/Fex-380 fluorescence ratio. The values of the NADPH fraction obtained using QYR ϭ 15.7 are lower (Fig. 4) .
Substrates of Mitochondrial Metabolism Support the Generation of NADPH-In the presence of 5 mM glucose, a large proportion of the released retinal is converted to retinol, as indicated by the much higher intensity of the fluorescence excited by 340 nm compared with that excited by 380 nm (Fig. 5) . When glucose is used as a metabolic substrate, potential NADPH sources are the glucose-6-phosphate and 6-phosphogluconate dehydrogenases of the pentose phosphate pathway and cytosolic NADP ϩ -dependent dehydrogenases that utilize as substrates metabolites provided by the mitochondria (Fig. 1) . In the absence of metabolic substrate, the similar intensities of the FIGURE 3. Determination of outer segment pH in isolated mouse rod photoreceptors with BCECF, a ratiometric pH-sensitive dye. BCECF fluorescence was excited with 495-and 440-nm light, and emission was measured Ͼ515 nm. A, calibration curve for BCECF (1 mM) in phosphate-buffered physiological saline; three determinations at each pH. The standard error bars that do not appear in the graph were smaller than symbol size. The straight line is a least squares fit to the data points, giving pH ϭ 5.86 ϩ 0.15 ϫ F 495 /F 440 . This equation was used to convert the F 495 /F 440 fluorescence ratio to pH. B, infrared (IR) bright field and fluorescence (495-nm excitation) images of an isolated mouse rod photoreceptor loaded with BCECF. C, outer segment pH of isolated mouse rod photoreceptors before (Dark) and at different times after bleaching. The numbers of cells are shown within each column; the cells for Dark and at 0 and 10 min after bleaching were the same (a cell was selected, bleached and fluorescence was measured until 10 min after bleaching); different cells were used for the measurement 60 min after bleaching. All experiments, including calibrations, were performed at 37°C. fluorescence excited by 340 and 380 nm indicate that a large proportion of retinal has not been converted to retinol (Fig. 5) , reflecting a requirement of extracellular metabolic substrate availability for the generation of the requisite NADPH. Glutamine, supplied at a concentration of 0.2 mM, supports the conversion of retinal to retinol to an extent similar to that of 5 mM glucose (Fig. 5) , indicating that NADPH can be provided solely by mitochondria-linked pathways.
The ratio of Fex-340/Fex-380 was measured at different times after bleaching in the presence of different concentrations of various metabolic substrates. Fig. 6A shows that rods using either 5 mM glucose (F, n ϭ 8) or 0.2 mM glutamine (‚, n ϭ 7) as metabolic substrate maintain the fluorescence ratio to similar levels, in the order of 4.5-5.5. These levels correspond to retinol fractions of 0.8 -0.9 (Equation 5); that is, most of the released retinal is converted to retinol. These values of the fluorescence ratio (and retinol fraction) further correspond to an NADPH fraction of 0.1-0.2 (Equation 6). Metabolically intact rods bleached in the absence of any extracellular metabolic substrate achieved a fluorescence ratio of 1.1-1.3, corresponding to an NADPH fraction of ϳ0.01 ( Fig. 6A ; E, n ϭ 9). At 60 min after bleaching, the ratio in the absence of metabolic substrate had a value of 1.25 Ϯ 0.02, significantly lower than the ratios in the presence of 5 mM glucose (p Ͻ 0.001) or 0.2 mM glutamine (p Ͻ 0.001). It was, however, significantly higher (p Ͻ 0.001) than the one for broken off rod outer segments (0.72 Ϯ 0.01 at 60 min after bleaching, n ϭ 6; Fig. 2D ), indicating some ongoing metabolic activity even in the absence of any extracellular metabolic substrate.
We have used the value of the Fex-340/Fex-380 fluorescence ratio at 60 min after bleaching as a measure of NADPH availability. By that time, almost all of the retinal has been released from photoactivated rhodopsin (16) . Because there is a large amount of retinal released from photoactivated rhodopsin after bleaching and a large fraction of it is present as retinol at any given time (Fig. 6A) , the maintenance of a stable value of the NADPH fraction over time reflects continued regeneration of NADPH by the metabolic machinery of the cell. Thus, NADPH availability depends on the NADPH-generating capacity of the cell.
The availability of NADPH, as measured by the Fex-340/Fex-380 ratio, depended on the extracellular concentration of metabolic substrate. Glucose and glutamine were approximately equally effective at supporting metabolic activity, with NADPH availability being severely compromised at extracellular concentrations below ϳ0.1 mM (Fig. 6B ). Pyruvate and lactate, which would both be utilized only through mitochondrial pathways, could also support some NADPH generation, but only at higher concentrations (Fig. 6C ). Citrate and malate were much less effective at supporting NADPH generation: 2.5 mM citrate did not support significant NADPH generation, as judged by a fluorescence ratio of 0.88 Ϯ 0.03 at 60 min after bleaching (n ϭ 5), whereas 2.5 mM malate provided only modest support, as indicated by a fluorescence ratio of 1.43 Ϯ 0.08 at 60 min after bleaching (n ϭ 5) (data not shown). For experiments using glutamine, pyruvate or lactate as metabolic substrates, the solutions contained 5 mM 2-deoxyglucose, to inhibit any NADPH generation through the pentose phosphate pathway from any remaining intracellular glucose. In control experiments with selected concentrations of these substrates, omitting 2-deoxyglucose had no effect on NADPH availability, suggesting that Fluorescence emission was collected Ͼ420 nm. A, dependence of the Fex-340/Fex-380 fluorescence intensity ratio on time after bleaching in the presence of 5 mM glucose (F, n ϭ 8 cells), 0.2 mM glutamine (‚, n ϭ 7 cells), and without any substrate (E, n ϭ 9 cells). The value of the ratio at 60 min after bleaching was used as a measure of NADPH availability. The arrows point to the values of the ratio for RAL and ROL (Fig. 2B) . B, glucose (F) and glutamine (‚) support NADPH generation in a concentration-dependent manner; n Ն 6 cells used at each substrate concentration. C, pyruvate (f) and lactate (ƒ) support NADPH generation; n Ն 6 cells used at each substrate concentration. The error bars represent standard errors. Experiments were performed at 37°C.
there was negligible intracellular glucose remaining (data not shown).
Although NADPH availability depends on its continuous regeneration by the metabolic machinery, factors other than metabolic activity appear to contribute to its level of availability in the rod outer segment. This is evidenced by the leveling off of the Fex-340/Fex-380 ratio at higher glucose concentrations, and interestingly, the ratio leveled off at the same values with glutamine as with glucose. Moreover, the value of the ratio did not increase when the cells were supplied with high concentrations of glucose (5 mM) and glutamine (0.5 mM) together (Fig.  7) . This is somewhat surprising, because with glucose as substrate, NADPH can be generated by the pentose phosphate pathway in addition to the mitochondria-linked pathways. The experiments described below demonstrated that the pentose phosphate pathway actually makes a sizeable contribution to NADPH generation (see Fig. 9 below) . Possible reasons for the leveling off are examined in more detail below (see "Discussion"). At low glucose and glutamine concentrations, it appears that metabolic substrate availability becomes limiting and NADPH availability becomes restricted by its generation, hence the drastic decline in NADPH availability below ϳ0.1 mM glucose or glutamine. This interpretation was reinforced by the additive effect of low (50 M) concentrations of glucose and glutamine on NADPH availability when supplied together (Fig. 7) .
Competition between ATP-generating and NADPH-generating Pathways-Because the same substrates used for the generation of NADPH are used for the generation of ATP (Fig. 1) , the two processes might be expected to compete for metabolic substrate. Thus, we reasoned that inhibition of mitochondrial ATP synthesis would result in drawing off substrate to be used for ATP synthesis through glycolysis, suppressing NADPH generation. On the other hand, inhibition of ATP consumption would result in availability of substrate, augmenting NADPH generation. To experimentally resolve both decreases and increases in NADPH generation, glucose and glutamine concentrations of 50 M were used; with this substrate concentration, the cells achieve Fex-340/Fex-380 ratios above the minimum and below the maximum values (Fig. 6B) . Using 50 M glucose as substrate (Fig. 8) , the cells achieved a fluorescence ratio of 2.2 Ϯ 0.3, corresponding to an NADPH fraction of 0.03. In the presence of oligomycin (5 M), an inhibitor of the mitochondrial ATP synthase (17), the fluorescence ratio was significantly lower (p ϭ 0.001), 0.94 Ϯ 0.03, corresponding to an NADPH fraction of ϳ0.01. This is consistent with the inhibition of mitochondrial ATP synthesis resulting in more glucose being utilized for ATP production through glycolysis, instead of for NADPH production through the pentose phosphate pathway. For cells exposed to 0.1 mM ouabain, an inhibitor of the Na ϩ /K ϩ -ATPase (18, 19) , the ratio was higher (but not significantly so, p ϭ 0.24), 2.6 Ϯ 0.2, corresponding to an NADPH fraction of 0.04. This suggests that inhibition of ATP consumption reduces the need for ATP synthesis, and glucose can be diverted for NADPH generation. Similar results were obtained with glutamine as substrate (Fig. 8) , in which case both ATP and NADPH are generated by mitochondrial pathways. No 2-deoxyglucose was added in the extracellular solution in these experiments. With 50 M glutamine as substrate, the cells achieved a fluorescence ratio of 1.9 Ϯ 0.2, reflecting an NADPH fraction of 0.02. Inhibition of ATP synthesis with 5 M oligomycin, resulted in a slightly lower, 1.6 Ϯ 0.5, but not significantly different fluorescence ratio. The considerably high variability in the Fex-340/Fex-380 ratio likely reflects the strain on the cells because of inhibition of the ATP synthase, which would be the sole source of ATP with glutamine as substrate. Inhibition of ATP consumption with 0.1 mM ouabain increased the fluorescence ratio to 3.3 Ϯ 0.2, a significantly higher value (p Ͻ 0.001), which reflects an NADPH fraction of 0.06.
Mitochondria Contribute to NADPH Generation Even When the Pentose Phosphate Pathway Is Operational-
The experiments with glutamine (Fig. 6, A and B) demonstrate that mitochondria-linked pathways can by themselves generate quantities of NADPH comparable to those generated with glucose as primary substrate. It is not clear, however, whether the NADPH generated with glucose originates from mitochondria-linked pathways, the pentose phosphate pathway, or both. We addressed this question by inhibiting the transport of pyruvate into mitochondria with 4-CIN, a monocarboxylate transporter inhibitor (20) . Such a treatment would also be expected to affect ATP levels, but ATP generation by glycolysis appears to be able to compensate almost fully under conditions of mitochondrial blockage in the retina (21, 22) . With 5 mM glucose as substrate and in the presence of 4-CIN, NADPH availability dropped significantly (p Ͻ 0.001) and resulted in a Fex-340/Fex-380 ratio of 0.95 Ϯ 0.03, corresponding to an NADPH fraction of ϳ0.01 (Fig. 9) . Interestingly, these levels were lower than those in the absence of any extracellular substrate, which had a fluorescence ratio of 1.25 Ϯ 0.02 (Fig. 6A) . A likely explanation for this result is that the lack of any metabolite entry into the mitochondria not only eliminated the mitochondrial ATP and NADPH contributions but also led to reversal of the ATP synthase. The reversed synthase drew on the ATP generated by glycolysis, finally resulting in lower availability of glucose for NADPH production. Bypassing the blocked pyruvate transporter by supplying the mitochondria directly with 0.5 mM glutamine restored the NADPH supply, as reflected in a Fex-340/Fex-380 ratio of 3.79 Ϯ 0.12 (p Ͻ 0.001) and an NADPH fraction of 0.08. Restoration of the NADPH supply with glutamine under these conditions was only partial when compared with 5 mM glucose or to 0.5 mM glutamine by itself, a result that was probably due to the partial inhibition of plasma membrane monocarboxylate transporters by 4-CIN (Ref. 22 ; also see below).
The same experiment was carried out in the presence of oligomycin (5 M) to inhibit the mitochondrial ATP synthase and eliminate both ATP production and ATP consumption by the enzyme. In this way, mitochondrial metabolic contributions were limited to NADPH. With 5 mM glucose as substrate and in the presence of oligomycin NADPH availability decreased, resulting in a Fex-340/Fex-380 ratio of 4.26 Ϯ 0.19, which corresponds to an NADPH fraction of ϳ0.10 (Fig. 9) . Inhibition of pyruvate transport resulted in a significantly lower (p ϭ 0.002) Fex-340/Fex-380 ratio of 2.51 Ϯ 0.42 (NADPH fraction of 0.03), indicating that mitochondria-linked pathways are contributing to the generation of NADPH. In addition, this ratio was significantly higher (p ϭ 0.002) than the ratio of 1.25 Ϯ 0.02 obtained in the absence of any added substrate, suggesting that the pentose phosphate pathway also contributes to the generation of NADPH. Bypassing the blocked pyruvate transporter with 0.5 mM glutamine restored the availability of NADPH, shown by a Fex-340/Fex-380 ratio of 3.87 Ϯ 0.27 (p ϭ 0.012), corresponding to an NADPH fraction of 0.08 (Fig.  9 ). These results demonstrate that mitochondria-linked pathways not only can supply NADPH, but do so even when the pentose phosphate pathway is operational.
In the experiments (Fig. 9) with oligomycin, as in the experiments without it, glutamine restored the NADPH supply only partially. This was probably because of partial block by 1 mM 4-CIN of the entry of glutamine into the cell. This 4-CIN concentration is more than sufficient for blocking the mitochondrial pyruvate transporter (20, 22) but only partially blocks the plasma membrane monocarboxylate transporters; the latter are effectively inhibited by much higher 4-CIN concentrations (22, 23) . This possibility was supported by control experiments showing that the Fex-340/Fex-380 ratio attained by cells supplied with 0.5 mM glutamine in the presence of 1 mM 4-CIN was 3.72 Ϯ 0.13 (n ϭ 5). This value was lower than the one achieved with 0.5 mM glutamine in the absence of 4-CIN (4.37 Ϯ 0.21, n ϭ 8; Fig. 6B ) and virtually the same as the value of the ratio restored by 0.5 mM glutamine in the experiments of Fig. 9 .
DISCUSSION
We have examined the contributions of different pathways that generate NADPH in single isolated mouse rods from the reduction of all-trans-retinal to retinol, a reaction that uses NADPH. The measurements estimate that 0.8 -0.9 of all-transretinal is converted to retinol in the outer segment of metabolically intact rods, in close agreement with biochemical measurements from extracts of whole isolated retinas (12, 16) ] ratio is achieved when metabolic substrate is not limiting and when all pathways that can generate NADPH are operational. The ratio decreases when metabolic substrates become limiting or when some pathways are inhibited.
The value of the Fex-340/Fex-380 fluorescence ratio, which reflects the extent of the conversion of all-trans-retinal to retinol at any given time, remained approximately stable from immediately to 60 min after bleaching. Somewhat lower values of the ratio immediately after bleaching (Fig. 6A for glucose and glutamine) would be consistent with a slight transient buildup of all-trans-retinal (16) , perhaps because of a lag in NADPH availability. It should be noted that at early times after bleaching, low amounts of all-trans-retinal have been released, and any standing pool of NADPH makes a comparatively large contribution to the reduction to retinol. By 60 min after bleaching, almost all the considerable amount of all-trans-retinal has been released (16) , and the conversion of retinal to retinol depends on the generation of NADPH by the metabolic machinery.
In addition to metabolic activity, other factors appear to affect the availability of NADPH in the rod outer segment. The Fex-340/Fex-380 fluorescence ratio levels off at higher glucose concentrations, reaching similar values as with glutamine (Fig.  6B) . Moreover, combined application of high concentrations of glucose and glutamine does not increase the ratio any further (Fig. 7) . The leveling off is unlikely to reflect limitations of NADPH availability caused by diffusion through the connecting cilium (Fig. 1) . The cilium does not appear to provide a significant barrier to diffusion (25) , and proteins equilibrate across the cilium within 3 min (26) ; that is, much faster than the time scale of the measurements presented here. Although the reasons for the leveling off are not clear, factors that could possibly be playing a role include the finite size of the NADP pool, saturation of the metabolic enzymes, and perhaps cellular control of the [NADPH]/[NADP ϩ ] ratio. Sources of NADPH-NADPH can be generated in the cytosol by the pentose phosphate pathway (1, 2), as well as by NADP ϩ -dependent dehydrogenases that utilize substrates provided by the mitochondria (3, 4) . It had been suggested (27) that the pentose phosphate pathway in the rod outer segment could potentially supply all the NADPH reducing equivalents necessary for the reduction of all-trans-retinal to retinol. More recent studies have shown that glucose enters through transporter Glut-1 into the inner segment (28) , where it is phosphorylated to glucose-6-phosphate by hexokinases I and II (29) . Glucose-6-phosphate can then be utilized through the pentose phosphate pathway to generate NADPH from NADP ϩ . These recent results are in tune with the observations reported here (Fig. 2, C and D) and elsewhere (10, 30) that rod outer segments separated from the rest of the cell-broken off rod outer segments-fail to reduce retinal to retinol; that is, NADPH is supplied by metabolic pathways located in the inner segment.
The present study found that with glucose as substrate, the pentose phosphate pathway makes a substantial contribution to the generation of NADPH (Fig. 9) . On its own, however, the pentose phosphate pathway can attain only ϳ40% (0.07) of the NADPH fraction of 0.18 that is generated when metabolites are available to the mitochondria as well. The inadequacy of the pentose phosphate pathway to supply sufficient amounts of NADPH is unlikely to be due to a lack of glucose, because it was measured in the presence of 5 mM glucose, at least 10 times higher than the concentrations below which NADPH availability became compromised (Fig. 6B) . This inadequacy reflects, therefore, the limited capacity of the pathway, and NADPH generation is supplemented by pathways that depend on mitochondrial metabolic substrates (Fig. 9) . These mitochondrialinked pathways likely utilize malate and isocitrate, two intermediates of the TCA cycle, which can be transported out of the mitochondria and into the cytosol; there, they are used for the generation of NADPH by NADP ϩ -dependent dehydrogenases. Mitochondria-linked pathways contribute to the generation of NADPH when glucose is the primary metabolic substrate and can even compensate for the pentose phosphate pathway contribution with glutamine as the primary substrate (Fig. 6, A  and B) . Glutamine enters the inner segment through the monocarboxylate transporter MTP1 (31) and perhaps SMCT1as well (32) and is converted to glutamate by glutaminase. Glutamate dehydrogenase converts glutamate to ␣-ketoglutarate, which then enters the TCA cycle. In the experiments with glucose, pyruvate, or lactate as extracellular substrates, the mitochondrial metabolic substrate would be pyruvate. It would originate intracellularly from glucose through glycolysis or from the extracellular lactate and pyruvate entering the inner segment through MTP1, with lactate being converted to pyruvate by lactate dehydrogenase.
It is possible that the contributions of different pathways to NADPH generation found in the present experiments may have been partially affected by the lack of bicarbonate in the buffer solution (33, 34) . In experiments with isolated rat retinas, a lack of bicarbonate resulted in ϳ30% decrease in ATP content, along with a decline in the rod photoreceptor light response (34) . NADPH generation, however, does not appear to be substantially affected: in experiments with isolated mouse retinas, we have found that absence of bicarbonate does not affect the reduction of all-trans-retinal to retinol as measured by HPLC of organic retina extracts (12) .
Significance of NADPH Generation by Mitochondria-linked Pathways-Glucose appears to be a singularly important metabolic substrate for photoreceptors, because even small limitations in its availability can put photoreceptor cells at high risk (35) . Removal of glucose results in photoreceptor death in isolated mouse retinas, which is prevented, at least in the short term, by the addition of mitochondrial metabolites (36) . Interestingly, addition of mitochondrial metabolites does not prevent the depletion of ATP caused by the withdrawal of glucose (36) . NADPH generation by mitochondria-linked pathways may therefore be an important factor for maintaining photoreceptor viability.
Apart from its involvement in the reduction of all-trans-retinal to retinol, NADPH is needed in large amounts in photoreceptors for the synthesis of the components required for continual outer segment renewal (37) . At the same time, photoreceptors need large quantities of ATP to maintain the ionic gradients (38) required for visual transduction. In their high requirement for anabolic reactions, photoreceptors resemble tumor cells, which have been known to utilize glucose as well as glutamine to meet their metabolic needs. In glioblastoma cells, with glutamine the sole metabolic substrate, NADPH is generated by cytosolic malic enzyme using the malate derived from glutaminolysis (5). The rate of NADPH production by the malic enzyme in these cells is similar to that achieved by the pentose phosphate pathway when glucose is the sole substrate. In the retina, robust NADP ϩ -dependent malate and isocitrate dehydrogenase enzyme activities have been found that are capable of supporting NADPH generation in the absence of glucose (39) .
The need for the photoreceptor cell to simultaneously meet its diverse metabolic requirements was highlighted at low substrate concentrations by the competition between ATP-and NADPH-generating pathways for metabolic substrate (Fig. 8) . The ability to utilize glutamine for NADPH generation would allow a cell to better withstand periods of glucose shortage. An additional protective mechanism would be provided by catabolic reactions, as suggested by the low levels of NADPH avail-ability that persist even in the absence of metabolic substrates (Fig. 6A) . Support for such a mechanism is also provided by the protective role found for autophagy in isolated mouse retinas (36) .
The conflicting demands for ATP and NADPH may be eased in the light, when the influx of Na ϩ ions and neurotransmitter release are both reduced (38) . The present experiments, having been carried out after bleaching, have exposed a potential antagonism between ATP and NADPH generation even under light conditions. One might surmise that photoreceptors would be even more vulnerable to nutrient shortages in the dark.
Effectiveness of Different Metabolic Substrates-Glutamine and glucose are two of the most abundant nutrients in plasma. Glutamine has the highest plasma concentration among amino acids (40) , in the order of 0.5 mM (41) . In isolated photoreceptors, glucose and glutamine were both able to support NADPH generation at very low extracellular concentrations (Fig. 6B) , but pyruvate and lactate were ineffective (Fig. 6C ), as were malate and citrate. Glutamine, pyruvate, and lactate have all been found to support metabolic activity in isolated rat retinas (42) , albeit at much higher concentrations than the ones used with isolated photoreceptor cells in the present study. Pyruvate is the metabolite utilized by the mitochondria when glucose is the primary substrate, whereas citrate is the metabolite leaving the mitochondria and is the precursor of isocitrate and malate in the cytosol (3). The relative ineffectiveness of pyruvate, lactate, malate, and citrate is therefore somewhat surprising, especially given the effectiveness of low concentrations of both glucose and glutamine. Although it is possible that the mitochondria-linked pathways that generate NADPH are more complex than what has been assumed in this paper, another plausible explanation for the ineffectiveness of these substrates would be insufficient transport into the cell. It is not clear whether a transporter for citrate and malate, such as the neuronal Na ϩ -coupled citrate transporter NaC2/NaCT (43, 44) , is present in photoreceptors. For lactate and pyruvate, the proposed explanation would suggest that their transport into photoreceptors by the monocarboxylate transporter is not as efficient as that of glutamine. Future measurements of transporter activity would be needed to test this explanation.
Because glucose is utilized by photoreceptors even in the presence of lactate (45) , transport of extracellular pyruvate and lactate into the cell would be expected to be even smaller in the presence of glucose. Indeed, cultured retinal neuronal cells show net production of lactate (46) . Lactate generated by glia has been proposed to be a metabolic substrate for neurons (47) (48) (49) ; for photoreceptors in the retina, the lactate would be provided by the Muller cells (50) . The results in the present paper indicate that, at least for the generation of NADPH, lactate may be an unlikely extracellular metabolic substrate for photoreceptors. A far more likely metabolic substrate appears to be glutamine, which can also be generated by Muller cells (51) . Consistent with such a role, glutamine transport plays a significant role in vivo, because intravitreal injections of 4-CIN result in a decrease in glutamine metabolites in the photoreceptors (52) .
In summary, we have studied the availability of NADPH in isolated single cells using fluorescence imaging. We have demonstrated that mitochondria-linked pathways contribute substantially to NADPH generation. From their support for NADPH generation, glucose and glutamine appear to be the preferred extracellular substrates for rod photoreceptor metabolism. When extracellular metabolic substrate is limiting, there is competition between ATP-and NADPH-generating pathways. Our findings highlight the importance of mitochondrialinked pathways for the generation of NADPH in nondividing cells with a high demand for synthetic reactions. The ability to utilize substrates other than glucose is likely to play an essential role in maintaining cell functions and viability under conditions of metabolic limitations. In the retina, they could play an important role in protecting against retinal degeneration.
